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ABSTRACT
A complete census of Blue Horizontal Branch (BHB) and Blue Straggler Star (BSS)
population within the 10′ radius from the center of the Globular Cluster, NGC 288 is
presented, based on the images from the Ultraviolet Imaging Telescope (UVIT). The UV
and UV−optical Colour-Magnitude Diagrams (CMDs) are constructed by combining the
UVIT, HST-ACS and ground data and compared with the BaSTI isochrones generated
for UVIT filters. We used stellar proper motions data from GAIA DR2 to select the
cluster members. Our estimations of the temperature distribution of 110 BHB stars
reveal two peaks with the main peak at Teff ∼ 10,300 K with the distribution extending
up to Teff ∼ 18,000 K. We identify the well known photometric gaps including the G-
jump in the BHB distribution which are located between the peaks. We detect a plateau
in the FUV magnitude for stars hotter than Teff ∼ 11,500 K (G-jump), which could
be due to the effect of atomic diffusion. We detect 2 Extreme HB (EHB) candidates
with temperatures ranging from 29,000 to 32,000 K. The radial distribution of 68 BSSs
suggests that the bright BSSs are more centrally concentrated than the faint BSS and
the BHB distribution. We find that the BSSs have a mass range of 0.86 - 1.25 M and
an age range of 2 - 10 Gyr with a peak at 1 M and 4 Gyr respectively. This study
showcases the importance of combining UVIT with HST, ground, and GAIA data in
deriving HB and BSS properties.
Key words: ultraviolet: stars - (Galaxy:) globular clusters: individual: NGC 288 -
(stars:) blue stragglers, stars: horizontal branch, (stars:) Hertzsprung-Russell and colour-
magnitude diagrams
1 INTRODUCTION
Globular clusters (GCs) are among the oldest systems in
our galaxy with central densities varying from 10 to 106
L/pc3 (Harris 1996, 2010). They provide the best platforms
to study the properties of exotic stellar populations such
as Blue Straggler Stars (BSSs), close binary systems, Cata-
clysmic Variables (CVs), low mass X-ray binaries (LMXBs)
resulting from the dynamical interactions such as collisions
or mergers between the members of the cluster. NGC 288 is
a low density GC (ρc ∼ 60.25 L/pc3, McLaughlin & van
der Marel (2005)) located in the Constellation Sculptor. It
is of intermediate metallicity with [Fe/H] = −1.3 (Carretta
et al. 2009). NGC 288 is known to be located close to the
South Galactic Pole, with a retrograde orbit (Dinescu et al.
? E-mail: snehalata@iiap.res.in
1997) and an evolution strongly driven by the galactic tidal
field (Leon et al. 2000).
Historically, NGC 288 is considered as a peculiar GC,
with the presence of a purely blue Horizontal Branch (HB)
stars, coupled with a relatively high metallicity (Cannon
1974; Buonanno et al. 1984). The peculiarities found in the
HB morphology are well known, one of which being the
second parameter problem (Sandage & Wallerstein 1960;
Sandage & Wildey 1967; van den Bergh 1993), which refers
to the observation that parameters other than metallicity,
such as age and/or He abundance, affects the colour distri-
bution of HB stars. NGC 288 and NGC 362 form one of the
best known “second-parameter pair” of GCs (Catelan et al.
2001; Bellazzini et al. 2001), where NGC 362 presenting a
very red HB, a complete opposite of the blue HB of NGC
288, given that these clusters have similar chemical compo-
sitions. Catelan et al. (2001) found that when the overall
c© 2018 The Authors
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HB morphology of the two clusters can be reproduced with
an age difference of 2 Gyr, the details are not fitted easily.
In clusters with a relatively broad HB distribution, a
number of discontinuities or jumps have been identified,
though this has a dependence on the band passes used
(Brown et al. 2016). Some of the well known jumps are
“Grundahl jump” (G-jump) within the blue HB (BHB) at ∼
11,500 K (Grundahl et al. 1999) and the “Momany Jump”
(M-jump) within the extreme HB (EHB) at∼ 23,000 K (Mo-
many et al. 2002, 2004), and these were detected in many
GCs with sufficient number of BHB and EHB stars (Fer-
raro et al. 1998). Brown et al. (2016) demonstrated that
the HB discontinuities are remarkably consistent in tem-
perature, with the help of blue and UV HST photometry.
The atmospheric processes are found to play a major role in
the making of the HB discontinuities. The BHB stars hot-
ter than the G-jump exhibit metal abundances enhanced
via radiative levitation and He abundances diminished via
gravitational settling (Moehler et al. 1999, 2000; Behr 2003;
Pace et al. 2006). Khalack et al. (2010) found observational
evidence for vertical stratification of iron, which supports
the efficiency of atomic diffusion among the hotter BHB
stars, which include three BHB stars in NGC 288. Moehler
et al. (2014) also found evidence for the presence of diffusion
among the BHB stars hotter than Teff ∼ 11,500 K.
It is well known that the study of binary populations in
globular clusters can provide powerful constraints on both
dynamical models and models of formation of exotic ob-
jects such as BSSs. BSSs are hydrogen burning stars located
above the MS in the optical Colour-Magnitude Diagrams
(CMDs). BSSs were first discovered by Sandage (1953) in
the optical CMD of GC M3. Two formation mechanisms
have been proposed by the previous studies- stellar collisions
leading to mergers (Hills & Day 1976; Chatterjee et al. 2013)
and mass transfer in the binary systems (McCrea 1964; Chen
& Han 2008; Knigge et al. 2009; Leigh et al. 2013). The first
mechanism is most favoured in dense cluster environments
such as central regions of the cluster whereas the second
mechanism is preferred in low density environments. Bellazz-
ini & Messineo (2000) discovered a binary sequence in the
optical CMD of NGC 288 from the HST-WFPC2 observa-
tions of the cluster. Later, Bellazzini et al. (2002) studied the
binary systems and BSSs in the cluster with HST-WFPC2
survey data and estimated the binary fraction (fb) to range
from 8% to 38%. They found that most of the binary sys-
tems are located within the half-light radius of the cluster.
They also found a high specific frequency of BSSs where
they used (mF255W −mF336W ) vs mF255W plane for select-
ing the BSS population of the cluster. They concluded that
the mass transfer between the primordial binary systems
might have led to the formation of BSSs which is as efficient
in the low density environments as the collision mechanisms
in the high density environments of the GCs. As the BSS
population are more massive than the majority of the stars
in the cluster, they are affected by the dynamical friction.
Ferraro et al. (2012) demonstrated that the morphology of
the normalised radial distribution of the BSS population is
strongly shaped by the action of dynamical friction. The nor-
malised BSS distribution can thus be used as a “dynamical
clock”, which reflects the dynamical evolutionary stage of
the cluster, in comparison to its stellar evolutionary age.
Recent studies of GCs (Ferraro et al. 2003; Haurberg
et al. 2010; Dieball et al. 2010; Schiavon et al. 2012; Piotto
et al. 2015; Parada et al. 2016; Raso et al. 2017; Dieball
et al. 2017) have shown that Ultra-Violet (UV) CMDs are
important tools for identifying and studying the properties
of UV bright stellar populations such as BSSs and HBs. Schi-
avon et al. (2012) generated FUV−NUV vs FUV CMD of
44 GCs using GALEX data. They found that the HBs form
a diagonal sequence in the UV CMD with BSSs running in a
parallel sequence lying just 1 mag below the HBs. They also
identified and catalogued the UV bright candidates such as
post-AGB (PAGB) stars thus, highlighting the importance
of UV observations in GCs.
The HST Far UV observations of 3 GCs by Ferraro et al.
(1998) showed that the FUV CMDs are very helpful in iden-
tifying the HB peculiarities such as gaps which can throw
light on the physical processes that HB stars undergo dur-
ing the mass loss in the Red Giant Branch (RGB) phase.
Many studies such as Dalessandro et al. (2011); Lagioia et al.
(2015); Brown et al. (2016), showed that the FUV CMDs are
very sensitive to the temperature variations in the HBs and
thus, are best to study the HB morphology and the temper-
atures of HB stars as compared to the optical CMDs.
UVIT study of the GC NGC 1851 by Subramaniam et al.
(2017) showed UVIT’s capability in identifying the multiple
stellar populations by analysing the HB morphology in the
FUV and NUV CMDs of the cluster. Another UVIT study
of NGC 188 by Subramaniam et al. (2016a) detected the
presence of a PAGB companion to one of the BSS with the
help of the SED generated by combining UV, optical and IR
fluxes of the BSS. Thus, owing to its excellent spatial reso-
lution (∼ 1.′′2) and large field of view (FOV ∼ 28′), UVIT
observations are very useful for extracting the properties of
UV bright stellar populations in a star cluster.
In this work, we present the results of a UVIT imag-
ing study of the GC NGC 288 using three filters (F148W,
F169M and N279N) of UVIT. We compare our data with
HST-Advanced Camera Survey (ACS) data (Sarajedini
et al. 2007) and ground data. We used the proper motions
data available from GAIA Data Release 2 (DR2) (Gaia Col-
laboration et al. 2018b) to select the cluster members de-
tected by UVIT.
The paper is organised as follows. We describe the ob-
servations and data reductions in Section 2. In Section 3,
we present the UV and optical CMDs with the discussions
on various stellar populations and their membership from
GAIA. Sections 4 and 5 describe the temperature distribu-
tion of BHB and EHB stars with Section 6 focusing on the
properties of BSS derived from the UVIT photometry along
with the subsequent discussions in each sections. We sum-
marise and conclude our results in Section 7.
2 OBSERVATIONS AND DATA REDUCTIONS
The data presented in this paper are obtained from UVIT
instrument on-board the Indian space observatory, AS-
TROSAT. The UVIT instrument consists of two 38-cm tele-
scopes - one for the FUV and other for the NUV and visible
bands. It has a circular field of view ∼ 28′ in diameter. It
collects data in three channels simultaneously, in FUV, NUV
and Visible bands corresponding to λ = 1300 - 1800 A˚, 2000
- 3000 A˚ and 3200 - 5500 A˚ respectively. The visible chan-
nel is mainly used for drift correction. UV detectors work in
photon counting mode whereas the visible detector in inte-
gration mode. Each band is further subdivided into multiple
filters. The effective area curves of the filters are available in
MNRAS 000, 1–?? (2018)
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Table 1. Observation and Photometry details of NGC 288
Filter λmean ∆λ Exposure Time Zero point Number of Sources
[A˚] [A˚] [sec] [mag]
F148W 1481 500 7057 18.00 258
F169M 1608 290 4573 17.45 293
N279N 2792 90 14778 16.46 5141
Figure 1. UVIT image of NGC 288 where blue corresponds to the FUV detections and yellow corresponds to the NUV detections acquired
with F148W and N279N filters of UVIT respectively.
the UVIT website1. Full details of the instrument and cali-
bration results can be found in Subramaniam et al. (2016b);
Tandon et al. (2017).
2.1 Photometry
The cluster was observed during 20-21 August 2016 as a
part of the Guaranteed Time (GT) proposal (G05 009).
The images were acquired in three filters of UVIT - F148W
and F169M (FUV channel) and N279N (NUV channel). A
customised software package, CCDLAB (Postma & Leahy
2017) was used to correct for the spacecraft drift, geomet-
ric distortion and flat field correction in the images. The
false colour UVIT image of the cluster is shown in Figure 1.
1 http://uvit.iiap.res.in/Instrument/Filters
The observation and photometry details of NGC 288 UVIT
images are given in Table 1.
We have performed crowded field photometry on
the UVIT images using DAOPHOT software package of
IRAF/NOAO (Stetson 1987) and obtained the magnitudes
of sources at several apertures up to four times the FWHM
using DAOPHOT task phot. These magnitudes are based on
simple aperture photometry which usually fails to give cor-
rect magnitudes for sources in the crowded field. Therefore,
we have performed point-spread function (PSF) photome-
try, where the PSF, created by choosing a few isolated stars
in the field is used in the ALLSTAR task to obtain the PSF
fitted magnitudes. The FWHM of the PSF are found to be
∼ 1.′′5, 1.′′6 and 1.′′2 in F148W, F169M and N279N filters re-
spectively. We have estimated the aperture correction value
in each filter using Curve of Growth analysis technique and
applied it on PSF generated magnitudes. Finally, we have
MNRAS 000, 1–?? (2018)
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Figure 2. F148W−V vs F148W CMD (right panel) CMD along with the corresponding optical CMD (left panel). The photometric errors
in the colour at different magnitude are shown as light red horizontal lines in the right panel. The filled symbols are UVIT cross-matched
HST detections and open symbols are UVIT cross-matched ground detections in both the panels. The observed magnitudes and colours
are corrected for extinction and reddening. The Figures are over plotted with a BaSTI isochrone (black line and dots) of age 12.6 Gyr
(Wagner-Kaiser et al. 2017), [Fe/H] = −1.28 (Carretta et al. 2009) and distance modulus = 14.84 (Bellazzini et al. 2001). The various
stellar populations marked in the legend are BHB - Blue Horizontal Branch (cyan triangle), EHB - Extreme Horizontal Branch (magenta
triangle), BSS - Blue Straggler Star (blue squares), RRL - RR Lyrae (red pentagon) and SX Phe - SX Phoenicis (green plus) variables.
done saturation correction (Tandon et al. 2017) to obtain
the final magnitudes in each filter.
We have adopted a reddening value E(B−V)=0.03 mag
(Ferraro et al. 1999) to correct the observed magnitudes and
colours in all the bands. By considering Fitzpatrick extinc-
tion law (Fitzpatrick 1999), we have calculated the extinc-
tion coefficients which are found to be R(F148W) = 8.40,
R(F169M) = 7.91 and R(N279N) = 5.96 in F148W, F169M
and N279N filters of UVIT respectively. For the rest of the
paper, the considered magnitudes (AB system) are corrected
for extinction and the colours for reddening.
3 UVIT AND OPTICAL
COLOUR-MAGNITUDE DIAGRAMS
In order to identify the stellar populations detected with
UVIT in different wavebands, we have used the data from
the HST-ACS Survey of GCs (Sarajedini et al. 2007) and
ground (Peter Stetson in private comm.). The HST-ACS
pointing covers a region ∼ 3.′4× 3.′4 and the catalogue con-
tains V and I magnitudes obtained from the observations in
F606W and F814W filters. We have used Vg and Ig magni-
tudes given in the catalogue which are calibrated to ground
photometry (Sirianni et al. 2005). The advantage of HST-
ACS data is that, it has resolved the cluster centre in optical
but its FOV covers only the cluster central regions. There-
fore, we have considered only sources in the ground data
which lie in a region outside the FOV of HST-ACS. The
ground data contains U, B, V, R and I magnitudes. We
have merged both the HST-ACS data and the ground data
in such a way that it covers the full cluster region (∼ 10′ in
radius from the cluster centre). As the UVIT images have
resolved the centre of the cluster, we have detected all the
HB and BSS stars in the cluster within 10′ radius, in the
FUV and NUV filters. Thus, this study presents the iden-
tification and analysis of the complete HB and BSS sample
in this cluster.
We have cross-matched UVIT data with the HST-ACS
and the ground data using TOPCAT (Taylor 2011). The
CMDs obtained after cross-matching the data in different
filters of UVIT are shown in Figures 2-6, where the filled
symbols are the UVIT cross-matched HST detections and
the open symbols are the UVIT cross-matched ground de-
tections. In each figure, we have identified various stellar
populations based on their position in the UV CMDs and
verified by plotting them in the optical CMDs which are
described in the following subsections. The identified pop-
ulations are shown with same symbols in Figures 2-6. We
have detected BHB, EHB and BSS population in the FUV
CMDs which are marked and shown in Figures 2-5. The
N279N−V versus N279N CMD is shown in Figure 6, where
in addition to the BHB, EHB and BSS population, we have
also detected the Main Sequence (MS) and the Red Giant
Branch (RGB) stars. These populations are not hot enough
to emit in FUV, hence are not detected in the FUV CMDs.
The CMDs are over-plotted with a BaSTI isochrone
(Pietrinferni et al. 2004) of 12.6 Gyr (Wagner-Kaiser et al.
2017) and [Fe/H] = −1.28 (Carretta et al. 2009) adopting
a distance modulus of 14.84 (Bellazzini et al. 2001). For
generating this isochrone, we have used the Flexible Stel-
lar Population Synthesis (FSPS) model (Conroy et al. 2009;
Conroy & Gunn 2010) to convolve the BaSTI models with
the UVIT filter effective area curves and obtained the model
MNRAS 000, 1–?? (2018)
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Figure 3. F169M−V vs F169M CMD. See Figure 2 for details.
magnitudes in UVIT filters (AB system). The advantage of
FSPS Model is that, it also generates the model tracks for
HBs, PAGBs (Vassiliadis & Wood 1994) and BSSs along
with the MS and RGB tracks, which are marked in Fig-
ures 2-6. The code generates the BSS track that uniformly
populates the region from 0.5 magnitude above the main
sequence turn-off (MSTO) to 2.5 magnitudes brighter than
the turn-off that is primarily based on observations.
3.1 Blue Horizontal Branch (BHB)
The HB population shown in FUV CMDs in Figures 2-5
(cyan triangles) mainly consists of BHB stars. In total, we
have detected 119 BHB sources in the FUV filters of UVIT
and 124 BHB sources in the N279N filter of UVIT with 43 of
them falling under the FOV of HST-ACS. The BHBs form a
diagonal sequence that spans about 3-5 mag in colour in the
UV CMDs (Figure 2, 3 and 5) thus, lifting the degeneracy
in the V−I colour of the BHB stars in the optical CMD
(left panel of Figure 2). The BHB distribution in the FUV
vs V CMDs (Figure 2 and 3) fits well with the isochrone
till F148W ∼ 17.4, F148W−V ∼ 1.2 and F169M ∼ 17.3,
F169M−V ∼ 1.2. We note that, stars bluer than FUV−V
∼ 1.2 form a horizontal sequence to appear like a plateau in
the FUV magnitude. This plateau is apparent as the BHB
stars are ∼ 0.3 mag fainter than the isochrone. This could
be attributed to the onset of diffusion which is discussed
in Section 4.5. We have detected 4 BHBs in F148W−V vs
F148W CMD with F148W−V < 0.5 which are brighter in
F148W magnitude than the rest of the BHB stars. These are
classified as AGB-manque´ (AGBM) stars by Schiavon et al.
(2012). AGBM stars are those HB stars that after the core-
He exhaustion do not have enough envelope masses to evolve
to the AGB phases and thus end up with low luminosities
as compared to the PAGB stars.
Moving to the FUV CMD which is shown in Figure 4,
the BHB stars with F148W > 18.5 show a maximum shift
of ∼ 0.3 mag in F148W−F169M colour from the model
isochrone which are within the 3σ photometric errors. We
Figure 4. F148W−F169M vs F148W CMD. See Figure 2 for
details.
find a gap in the distribution of BHB stars at F148W ∼ 17.5
and F148W−F169M ∼ 0.08 where, the stars brighter than
this magnitude are all bunched together into a group.
The FUV−NUV vs FUV CMDs are shown in Figure 5.
Here, we detect a plateau among the BHB stars at F148W
> 17.5, F148W−N279N ∼ 0.3 (upper panel) and F169M >
17.4, F169M−N279N ∼ 0.3 (lower panel), where the stars
bluer than this location deviate from the normal BHB diag-
onal sequence similar to the FUV vs V CMDs (Figure 2 and
3). In addition to this, we also notice that the BHBs fainter
than the above mentioned FUV magnitude and colour, de-
viate from the model isochrone as compared to the FUV
vs V CMDs, where they were in good agreement with the
isochrone. As N279N is a narrow band filter centred around
Mg II (2808 A˚), it captures the Mg abundance variations
within the BHB stars. Moehler et al. (2014) derived the Mg
abundances of 51 BHB stars in NGC 288 based on the ob-
servations obtained from the medium resolution FLAMES-
GIRAFFE spectrograph. A closer look and comparison of
the UVIT observations with their spectroscopic observations
reveal that the redder BHB stars have a higher Mg abun-
dance as compared to the bluer BHB stars. The N279N mag
of the BHB stars are fainter than the isochrone which we no-
tice in the NUV vs V CMD (right panel of Figure 6). Thus,
the mismatch between the observed BHB distribution and
the isochrone could be due to the difference between the as-
sumed Mg abundance of the model with the observed abun-
dance. The temperature distribution and identification of
the gaps in the BHB distribution are described in Section 4.
3.1.1 RR Lyrae Variables
Kaluzny (1996) and Arellano Ferro et al. (2013) found 2 RR
Lyrae variables based on the V band light curves obtained
from the ground-based observations and derived their prop-
erties. We have detected these two RR Lyrae variables in
the N279N filter of UVIT and only one RR Lyrae in the
FUV filters of UVIT, whose locations in the optical and UV
MNRAS 000, 1–?? (2018)
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Figure 5. F148W−N279N vs F148W CMD (upper panel) and
F169M−N279N CMD vs F169M CMD (lower panel). See Figure
2 for details.
CMDs are shown in Figures 2-6 as red pentagons. As ex-
pected, the RR Lyrae variables are located at the red end of
the BHB distribution in all the UV CMDs. The FUV bright
RR Lyrae is of RRc type with a shorter period as compared
to the NUV bright RR Lyrae of RRab type (Arellano Ferro
et al. 2013).
3.2 Extreme Horizontal Branch (EHB)
EHB stars are defined as the hottest BHB stars with ef-
fective temperatures greater than 20,000 K that undergo se-
vere mass loss during the RGB phase (Heber 1986). Kaluzny
(1996) reported the presence of three likely hot sub-dwarfs
located in the extension of BHB in the optical CMD. In
the FUV CMD of GC NGC 2808, Dalessandro et al. (2011)
have shown the location of different HB stars, where we can
clearly notice a large population of EHBs bluer than the
BHB stars. Considering the definition adopted by Dalessan-
dro et al. (2011), and keeping the HB and PAGB model
isochrone as reference for the selection of EHB stars in the
UV CMD, we have found 2 potential EHB candidates which
are shown in Figures 2-6 (open magenta triangles). These
stars are located in the expected EHB region in both the
optical and UV CMDs having similar FUV magnitude as
the BHB stars. GALEX has also detected these stars which
are located in the blue extension of BHB in the FUV−NUV
vs FUV CMD of NGC 288 (Schiavon et al. 2012). These
EHB candidates are two of the three sub-dwarfs as reported
by Kaluzny (1996). The SEDs of the EHB candidates are
discussed in Section 5.
3.3 Gap Objects
Gap objects are the stars which are located between the
MS and white dwarf (WD) sequence in the optical and
UV CMDs. The CVs are expected to lie in this region as
pointed out by Haurberg et al. (2010), Dieball et al. (2010)
and Dieball et al. (2017) in their study of M15, M80 and
NGC 6397 respectively. We have found one bright gap ob-
ject which is marked as orange star in Figures 2-6. This
object which is located in the gap region in optical CMD
becomes very bright in UV CMDs with its location being
close to that of EHB stars. In the UV CMDs, it is fainter
by ∼ 0.35 mag with a similar colour as compared to the
EHB stars. We checked for its variability with the known
catalogue of X-ray sources and CVs in this cluster available
from the previous study by Kong et al. (2006), but we did
not found any match for this object. The SED of this object
is described in Section 5.
3.4 Main Sequence and Red Giant Branch
The MS extends ∼ 2.0 mag below the turn-off till ∼ 22 mag
in N279N (yellow dots in Figure 6) with a width of ∼ 1 mag.
We see a large scatter in the MS in NUV CMD for stars with
N279N > 21, partially due to photometric errors. The Sub-
giant Branch (SGB) is narrow as compared to the RGB and
MS for the same photometric errors in N279N mag. The
BaSTI isochrone shown in Figure 6 visually fits well with
the observed MS, SGB and RGB distribution. A number of
faint sources are detected bluer than the MS, which could
be gap objects or MS stars with NUV excess.
3.5 Blue Straggler Stars (BSSs)
We present the UV CMDs of the BSSs covering the entire
cluster region in this study. We have detected 17 BSS can-
didates in F148W filter and 14 BSS candidates in F169M
filter of UVIT whose location in the FUV CMDs are shown
in Figures 2-5. The BSSs stretch ∼ 2 mag in the FUV CMDs.
In Figure 4, we see a spread of ∼ 0.5 mag in F148W−F169M
colour with F148W magnitude being similar for all 6 BSSs.
This spread is within the photometric errors.
We have detected 78 BSS candidates in N279N−V vs
N279N CMD marked as blue squares in Figure 6 (right
panel) among which 7 of them are new candidates (marked
as blue hexagons). These 7 new BSS candidates are located
in the BSS region in the NUV CMD (marked as blue stars)
whereas, they are near the MSTO in the optical CMD. Based
MNRAS 000, 1–?? (2018)
UVIT-HST-GAIA view of NGC 288 7
0.5 0.0 0.5 1.0 1.5
V I
13
15
17
19
21
V
PAGB
BSS
HB
2 0 2 4 6 8
N279N V
17
19
21
N2
79
N
PAGB
BSS
HB
MS
RGB
BHB
EHB
BSS
EBSS
RRL
SX phe
bright gap object
Figure 6. N279N−V vs N279N CMD (right panel) and corresponding optical CMD (left panel). In addition to the detection of other
stellar populations, we also detect main sequence marked as MS (yellow dots) and red giant branch marked as RGB (red cross) in the
N279N filter of UVIT. See Figure 2 for more details.
on the HST-UV observations, Raso et al. (2017) showed that
the NUV CMDs are more suitable for the identification of
BSS candidates as compared to the optical CMDs where the
faint BSSs remain hidden near the MSTO.
We notice that BSSs have similar magnitude and colour
range in optical and NUV CMDs. We have also detected a
star located in the region of red HB stars which is shown as
blue diamond in Figure 6. Bellazzini et al. (2002) also found
this object to be located in the red HB region and classified
it as an Evolved BSS (EBSS). The EBSS is not detected in
the FUV filters of UVIT. The parameters of the BSS derived
from the photometry and SEDs are described in the Section
6.
3.5.1 SX Phoenicis Variables (SX Phes)
SX Phe variables are short period pulsating variables found
in the location of BSSs in the optical CMDs of GCs. In total,
there are 8 known SX Phe variables in this cluster from
the previous studies (Kaluzny 1996; Kaluzny et al. 1997;
Arellano Ferro et al. 2013; Martinazzi et al. 2015). We have
cross-matched UVIT data with the coordinates of the known
SX Phe variables to obtain their UV magnitudes in three
different filters of UVIT. We have detected 5 of them in
F148W, 4 in F169M and 6 in N279N filters of UVIT which
are shown as green plus symbols in Figures 2-6. The three
SX Phe variables, V8, V11, and V12 also show a spread in
F148W−F169M colour like BSSs (Figure 4) but are within
the photometric errors. In N279N−V vs N279N CMD (right
panel of Figure 6) we see that the variables stand out clearly
from the MSTO stars as compared to the optical CMD. The
variables are located in the region of BSSs with N279N < 20
that spans ∼ 0.4 mag in N279N and ∼ 0.2 mag in N279N−V
colour.
3.6 Cluster membership from GAIA DR2
In order to check the cluster membership of BHBs, EHBs
and BSSs detected by UVIT, we have used the GAIA DR2
catalogue of NGC 288 (Gaia Collaboration et al. 2018b),
where they have provided the list of possible members in
this cluster based on the proper motions. The UVIT data
was cross-matched with GAIA DR2 to select the UV bright
cluster members. The final sample of members comprises
of 110 BHB stars detected in FUV filters and 115 in NUV
filter. We have excluded 9 BHB stars that are non-members
that are located within the radius r ∼ 2.5′ from the cluster
centre. Similarly, we are left with 15 FUV detected BSSs
and 68 NUV detected BSSs which are cluster members. We
have excluded 10 BSSs that are located at a radius beyond
2′ from the cluster centre as they were found to be non-
members. Out of 68 BSSs, there are 12 BSSs which do not
have proper motion data available in the catalogue though
these are observed by GAIA. We assumed them to be cluster
members as most of them (∼ 75%) lie inside the half-light
radius of the cluster i.e. in the crowded regions. The typical
uncertainties in the proper motions for BHBs and BSSs are
∼ 0.16 and 0.21 mas/yr respectively. The 2 EHBs and the
bright gap object are also possible cluster members but have
larger proper motion errors (∼ 0.7-1 mas/yr) as compared to
the BHBs and BSSs. A sample catalogue of UVIT detected
members along with the proper motions from GAIA DR2 is
given in Table 2. The rest of the analysis is based on this
sample.
4 TEMPERATURE DISTRIBUTION OF BHB
STARS
We have determined the temperature of the detected BHB
stars using two different methods and compared them with
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Table 2. A sample catalogue (3 BHBs) of the UV detected possible member stars (Gaia Collaboration et al. 2018b) is presented here.
The full catalogue is available in electronic format. Column 1 corresponds to our Star ID, columns 2 & 3 list the RA and Dec of the stars,
columns 4 to 9 give the UVIT magnitudes and errors in F148W, F169M and N279N filters respectively, columns 10 and 11 give the optical
magnitude and colour corresponding to V and (V−I) from the HST-ACS (Sarajedini et al. 2007) and ground data (Peter Stetson, private
comm.) as mentioned in column 12, column 13 gives the radial distance from the cluster centre (r) and columns 14 to 17 give the proper
motions in RA (µαcosδ) and Dec (µδ) with corresponding errors available from GAIA DR2 (Gaia Collaboration et al. 2018b). Note that
the magnitudes and colours (AB system) are not corrected for extinction and reddening respectively.
Star ID RA (J2000) Dec (J2000) F148W err1 F169M err2 N279N err3 V
[h m s] [◦ ′ ′′] [mag] [mag] [mag] [mag] [mag] [mag] [mag]
V−I Optical data r pmra pmra err pmdec pmdec err
[mag] [′] [mas/yr] [mas/yr] [mas/yr] [mas/yr]
BHB1 00 52 48.31 -26 32 58.21 17.880 0.019 17.768 0.026 17.414 0.028 15.935
-0.552 HST 2.43 4.391 0.106 -5.440 0.078
BHB2 00 52 48.59 -26 33 17.74 17.532 0.017 17.472 0.025 17.380 0.038 17.149
-0.552 HST 2.11 4.366 0.272 -5.572 0.149
BHB3 00 52 45.47 -26 33 22.72 17.558 0.015 17.418 0.023 17.285 0.028 16.677
-0.561 HST 2.06 4.850 0.184 -6.328 0.156
the spectroscopic estimates of Moehler et al. (2014) which
are described below:
4.1 Temperature from colour - Teff relation
We have estimated the temperature of the BHB stars by
comparing the dereddened UV colours with the theoretical
colours of various temperatures. In order to do so, we have
convolved Kurucz stellar atmospheric models (Castelli et al.
1997) with the UVIT filter effective area curves, and esti-
mated the theoretical colours for different temperatures for
a metallicity [Fe/H]= −1.5 closest to the cluster metallicity
(Carretta et al. 2009) and for a primordial helium abun-
dance of Y = 0.248. We have selected model spectra within
3.0 ≤ log(g) ≤ 4.0 and 4,000 K ≤ Teff ≤ 24,000 K to derive
the theoretical UV colours as the temperature of the BHB
stars are expected to be within this range. The colour - Teff
relation for a log(g) of 3.0 and 4.0 and for two UVIT fil-
ter combinations (F148W−V and N279N−V) are shown in
Figure 7 in upper and lower panels respectively. It is clear
from this figure that the F148W−V colour is more sensi-
tive to Teff variations as compared to N279N−V. In both
the colours, the effect of surface gravity is visible below ∼
8000 K. This is in accord with the study of the HB tempera-
ture distribution of M15 by Lagioia et al. (2015), where they
found that the HB tracks of different masses show depen-
dency of surface gravity below ∼ 8000 K for the NUV−V
colour. We have also found that the metallicity variations
do not significantly affect the colour - Teff relation which
is in agreement with Lagioia et al. (2015). Typical photo-
metric errors of the BHB stars in the colour F148W−V and
N279N−V are σ ∼ 0.02 and 0.04 which lead to a small error
of ∆Teff ∼ 100 K and 170 K respectively.
We have used the dereddened colours for deriving the
Teff of the BHBs by doing a cubic interpolation along the
theoretical colour - Teff relation. The BHBs with Teff <
8000 K obtained using the colour - Teff relation were not
considered due to the effect of surface gravity as mentioned
earlier. The temperature distribution of 109 BHBs obtained
from F148W−V - Teff relation (cyan filled histogram) and
103 BHBs obtained from N279N−V - Teff relation (red
hatched histogram) are shown in Figure 8. We have iden-
tified peaks in the BHB distribution using dual Gaussian
fits. The temperature distribution of the BHBs show a main
peak located at Teff ∼ 10,300 K and another peak at ∼
14,000 K which extends up to ∼ 18,000 K. The cumulative
temperature distributions of the BHBs obtained from the
two different UVIT colours are shown in Figure 9. Accord-
ing to the Kolmogorov-Smirnov (K-S) test, the difference
between the distributions of effective temperatures obtained
from both the UVIT colours is not significant with a p-value
of ∼ 0.45.
4.2 Temperature from SED fitting
We have obtained the temperature of 110 BHB stars using
the python SED fitter tool (Robitaille et al. 2007). For this,
we have used Kurucz stellar atmospheric models Castelli
et al. (1997) to fit the SEDs of the BHBs stars. The model
fluxes are scaled to the observed fluxes by considering a clus-
ter distance of 8.8 Kpc (Bellazzini et al. 2001). We have used
the dereddened fluxes obtained from three filters of UVIT
(F148W, F169M, N279N), three filters from Ground (B, V,
I) to generate the SEDs of 74 BHB stars and three filters of
UVIT (F148W, F169M, N279N), two filters of HST (V, I)
for the SEDs of 36 BHB stars. The temperature distribution
of 110 BHB stars is shown in Figure 8 (blue histogram). We
have found a main peak located at Teff ∼ 10,380 K and
another peak at Teff ∼ 14,600 K using dual Gaussian fits
which are similar to those estimated using colour - Teff re-
lation. The temperature range of the BHBs are also similar
in both the cases. According to the Kolmogorov-Smirnov
(K-S) test as shown in Figure 9, the difference between the
distributions of effective temperatures obtained from SEDs
and F148W−V and N279N−V colour - Teff relation is not
significant with a p-value of ∼ 0.65 and 0.55 respectively.
This test also suggests that the temperatures of the BHBs
estimated using SED fitting are in better agreement with
those estimated using F148W−V as compared to N279N−V
colour - Teff relation.
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Figure 7. Variation of temperature (Teff ) with theoretical
colours F148W−V (upper) and N279N−V (lower) generated by
convolving UVIT filter effective area curves with Kurucz stellar
atmospheric models (Castelli et al. 1997) for an assumed metal-
licity of [Fe/H] = −1.5 and log(g) values of 3.0 and 4.0.
4.3 Comparison with Spectroscopic data
As described earlier in Section 3.1, Moehler et al. (2014) cat-
alogue consists of Teff (> 9000 K) and log(g) for 51 BHB
stars based on spectroscopy. We have used the spectroscopic
temperature estimates of BHBs to validate with our temper-
ature estimations using the colour - Teff relation and SED
fitting. Our comparisons of temperatures of 51 BHB stars
obtained using F148W−V - Teff , N279N−V - Teff relation
and SED fitting with the spectroscopic data are shown as
cyan squares, red triangles and blue circles respectively in
Figure 10. The top panel of Figure 10 shows the difference
between the temperatures estimated from spectra and colour
- Teff relation/SED fitting whereas the bottom panel shows
the fractional difference. The median difference of temper-
atures are ∼ 214 K, 95 K and 30 K for Teff > 11,000 K
and ∼ −666 K, −334 K and −566 K for Teff < 11,000 K
for F148W−V, N279N−V colour - Teff relation and SED
fitting respectively. In the bottom panel of the Figure 10, all
6000100001400018000
Teff [K]
0
10
20
30
Nu
m
be
r o
f B
HB
s
F148W V
N279N V
SED
Figure 8. Temperature distribution of 109, 103 and 110 BHB
stars estimated from F148W−V - Teff relation (cyan filled),
N279N−V - Teff relation (red hatched) and SED fitting (dark
blue step) respectively.
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Figure 9. Cumulative temperature distribution of the BHB stars
obtained from F148W−V - Teff (cyan line), N279N−V - Teff
(red dashed line) and SED fitting (blue dash dotted line).
the BHB stars scatter around |∆T/TSpec| = 0.018, 0.026 and
0.03 for Teff > 11,000 K and around |∆T/TSpec| = 0.068,
0.034, 0.06 for Teff < 11,000 K for F148W−V, N279N−V
colour - Teff relation and SED fitting respectively.
Overall, the temperatures of BHB stars with Teff >
11,000 K obtained from both the methods have better con-
sistency with the spectroscopic estimates. Further, the com-
parisons of the two methods with Moehler et al. (2014) sug-
gest that SED fitting or F148W−V - Teff should be pre-
ferred for estimating the temperatures of BHBs with Teff >
11,000 K whereas N279N−V - Teff relation for BHBs with
temperatures between 8000 K < Teff < 11,000 K.
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Figure 10. Top panel: The difference between the temperatures
estimated from spectroscopy (TSpectro) ((Moehler et al. 2014)
and photometry/SED (TUV IT ) obtained from F148W−V - Teff
(cyan squares), N279N−V - Teff (red triangles) relation and SED
fitting (blue circles) respectively.
Bottom panel: The absolute value of the fractional differences be-
tween the temperatures estimated from spectroscopy and colour
- Teff/SED fitting as mentioned earlier. The filled circles are
the UVIT cross-matched HST detections and the open circles are
UVIT cross-matched ground detections in both the panels.
Table 3. Temperature and reddening corrected colour of the BHB
Gaps
Gap F148W−V Teff [K]
G0 1.87 10,200
G1 1.48 11,000
G2 1.18 11,700
G3 0.97 12,300
4.4 Identification of Gaps
With the temperature estimations of the BHBs obtained
from Section 4.1, we attempt to identify possible gaps in
the BHB distribution and their corresponding temperatures.
In Figure 11, we have shown F148W−V vs F148W and
N279N−V vs N279N CMDs with only the BHB stars. We
have marked the locations of the temperatures estimated
from the respective colour - Teff relation. The gaps known
in the literature are shown in black arrows in F148W−V vs
F148W CMD (upper panel). In N279N−V vs N279N CMD
of Figure 11 (lower panel), we notice that the distribution of
BHB stars hotter than Teff ∼ 10,500 K show a larger scat-
ter in N279N magnitude. The separation between the two
BHB groups around the Grundahl-jump (G-jump) (Grun-
dahl et al. 1999) are seen clearly in the FUV CMD as com-
pared to the NUV CMD. The BHB stars hotter than G-jump
show a flat distribution in FUV vs V CMD whereas it shows
a curved distribution in NUV vs V CMD. The three red
stars marked in both the panels in Figure 11 are B22, B186
and B302 which are spectroscopically confirmed to show a
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Figure 11. A zoomed in view of the F148W−V vs F148W (upper
panel) and N279N−V vs N279N CMDs (lower panel) showing
only the BHB stars where the temperature locations for a log(g)
= 3.5 and [Fe/H] = −1.5 are marked in red. The BHB gaps are
marked with black arrows in the upper panel of the figure. The
cyan pentagons are the over luminous BHB stars as classified by
(Moehler et al. 2014) in both the panels. The three red stars
marked in the figures are B22, B186 and B302 (Khalack et al.
2010).
vertical stratification of iron in their atmospheres (Khalack
et al. 2010). These stars are located in the FUV plateau near
the G3 gap in F148W−V vs F148W CMD. The pentagons
marked in the Figures are the 10 over-luminous BHB stars
as classified by Moehler et al. (2014). We note that the over-
luminous HB stars show a jump in magnitude from that of
BHBs which is more prominent in the Teff ranging from ∼
10,200 K to ∼ 12,000 K in both the CMDs.
We find gaps at Teff ∼ 10,200 K, 11,000 K and 12,300
K in F148W−V vs F148W CMD which corresponds to the
G0, G1 and G2 gaps respectively identified by Ferraro et al.
(1998) in the HST FUV CMD of cluster M80. The gaps with
F148W−V colour and the corresponding temperatures are
given in Table 3. In F148W−V vs F148W CMD, we identify
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the G-jump gap (G2) at Teff ∼ 11,700 K which is close to
the value identified by Grundahl et al. (1999) for this cluster.
4.5 Discussion
The BaSTI isochrone used for the comparison is able to re-
produce the BHB distribution in UV CMDs upto Teff ∼
11,500 K. Spectroscopic observations of the BHB stars by
Moehler et al. (2014) revealed that the BHB stars hotter
than Teff ∼ 11,500 K suffer from the effects of atomic dif-
fusion as a result of which they show an overabundance of
metals. They found that the hotter BHB stars have lower
He I abundances whereas Si II and Fe II abundances are
higher as compared to the BHB stars with Teff < 11,500 K.
As the effects of diffusion in BHB stars are not addressed in
the BaSTI isochrones generated from the FSPS model, we
see a significant deviation in the FUV luminosity between
the model and the observed BHB distribution (Figures 2-6)
for stars with Teff > 11,500 K.
The plateau in the FUV magnitudes found in the
FUV−V vs FUV CMDs (Figures 2 and 5), start at about
11,500 K, indicating that the luminosity plateau could be a
result of diffusion. The reduction in the FUV luminosity can
be caused by the increased absorption in the FUV due to en-
hanced atmospheric metallicity from atomic diffusion. This
study thus demonstrates that the FUV−V vs FUV CMDs
could be used as an ideal proxy to detect the presence of
diffusion among the BHB stars.
We notice two groups in the temperature distribution
(Figure 8) that are mainly due to the BHB stars with and
without the effect of diffusion. In the study of HB popula-
tion in NGC 2808, Dalessandro et al. (2011) found that the
observed distribution of Teff has four groups which can be
well reproduced by synthetic models by assuming different
initial He abundances with Y varying from 0.248 to 0.30.
They concluded that the separate groups in the HB temper-
ature distribution are due to the multiple stellar populations
present in the cluster. Piotto et al. (2013) studied the multi-
ple stellar phenomena in NGC 288 and found that the initial
He difference in the two populations of MS and RGB is very
small (∆Y ∼ 0.013). The Y abundance in the Kurucz and
BaSTI models that is used for HB analysis in our study
is ∼ 0.248. Thus, the two peaks seen in the temperature
distribution of BHBs may not be arising due to the small
variations in the initial He abundances. It is possible that
these are actually caused due to the presence of gaps in the
BHB distribution. The effects of atomic diffusion combined
with variations in the initial He abundances, if any, need to
be properly incorporated in the models in order to explain
the UV properties of the BHB stars.
The NUV−V distribution of the BHB shows a curved
profile, with bluer and the redder BHB stars showing fainter
NUV magnitudes. A comparison of bottom panel of Figure
11 with the Figure 8 of Moehler et al. (2014) indicates that
the NUV magnitude profile directly correlates with the Mg
II strength. The cooler (Teff < 11,000 K) and the hotter
stars (Teff > 14,000 K) have relatively large Mg II strength,
resulting in fainter N279N magnitude. Therefore, the NUV
magnitudes presented here closely match with the estimated
Mg II abundances.
According to the study by Momany et al. (2004), the
HB of NGC 288 terminates at 16,000 K whereas our anal-
ysis suggests that the HB population extends till 18,000 K
(Figure 8). This is primarily due to the contribution of stars
located outside the HST FOV, which in turn shows the ad-
vantage of combining UVIT with the ground and GAIA data
owing to their larger FOV.
5 SEDS OF BRIGHT GAP OBJECT AND EHB
STARS
We have derived the parameters (Luminosity, temperature
and radius) of the two candidate EHB stars and the bright
gap object using virtual observatory tool, VOSA (VO SED
Analyser, Bayo et al. (2008)). Python SED fitter program
is useful for generating the SEDs of a large number of sam-
ples at one go whereas it is not possible in VOSA. On the
other hand, VOSA is useful for an in depth analysis of the
SEDs where one can manually change or fix the model free
parameters and check for any UV or IR excess. VOSA calcu-
lates the synthetic flux for a selected theoretical model using
the filter transmission curves. The synthetic fluxes are then
scaled with the observed fluxes by fixing the distance of the
object. It does χ2 minimisation test to find the best fit pa-
rameters of the SED. We have used Kurucz models (Castelli
et al. 1997) for fitting the SEDs by adopting a distance of
8.8 Kpc, fixing the metallicity close to that of the cluster i.e.
[Fe/H] = −1.5, and taking log(g) = 5.0 by assuming them
to be sub-dwarfs. The radius of the objects were calculated
from the scaling factor which is equal to
(
R/D)2, where R
is the radius and D is the distance to the object.
We have generated the SEDs of two candidate EHB stars
designated as EHB1 and EHB2 by combining the flux mea-
surements of UVIT (F148W, F169M, N279N) with GALEX
(FUV, NUV), GAIA (G) (Gaia Collaboration et al. 2016,
2018a) and Ground (B, V, I). For the bright gap object,
we have generated the SED by combining the flux mea-
surements of UVIT (F148W, F169M, N279N) with GALEX
(FUV, NUV), GAIA (G) (Gaia Collaboration et al. 2016,
2018a) and HST (V, I) pass bands. The SEDs of the 3
stars are shown in Figure 12. We have obtained the GALEX
FUV and NUV band fluxes of these objects by running PSF
photometry (Stetson 1987) on the FUV and NUV intensity
maps of the cluster (Tile Name: MIS2DFSGP 30531 0144).
The best fit SED parameters of the gap object and EHB
stars are given in Table 4. We find that the UVIT FUV flux
measurements are consistent with GALEX FUV measure-
ments whereas the GALEX NUV flux measurements show
deviations from the model expected fluxes. These stars are
located in the crowded regions close to the cluster centre
where the GALEX NUV band suffers from poor resolution.
This could lead to an overestimation of the NUV flux due
to the contamination from nearby stars. The reduced χ2
(χ2reduced) value mentioned in the Table 4 are obtained after
excluding the GALEX NUV data point.
From Table 4, we notice that the EHB stars have similar
luminosity whereas the bright gap object is ∼ 1.3 times less
luminous than the EHB stars. All of them have similar radii
(R ∼ 0.2 R). The temperatures of the EHB1 and EHB2
(Teff ∼ 32,000 and 29,000 K respectively) clearly suggest
that they belong to the class of EHBs/subdwarfs (Heber
1986). The temperature and radius of the bright gap object
along with its location in the UV CMDs suggest that it is
likely to be a subdwarf. The large χ2reduced value (46.38) for
the SED fit (even after excluding the GALEX NUV data
point), as compared to the two EHB stars, is due to the ex-
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cess observed flux in the I band, excluding which reduces the
value to 5.92. This might suggest the presence of a cooler
companion which can be verified if we include the obser-
vations from the longer wavelengths in the SED. The EHB
stars are located at around the half-light radius of the clus-
ter (rh ∼ 2.′23) whereas the bright gap object is located near
the core radius of the cluster (rc ∼ 1.′35, McLaughlin & van
der Marel (2005)).
5.1 Discussion
Generally, we see a large number of EHB population with a
well defined sequence in the CMDs of massive GCs such as
NGC 2808, ωCen, M 54, NGC 6752 (Momany et al. 2004;
Dalessandro et al. 2011) whereas in low mass GCs they are
less in number and are hard to detect at the faint HB end
of the optical CMDs. In these cases, UV CMDs are very
useful where the EHB stars are very bright and form a
separate sequence as compared to the optical CMDs. Mo-
many et al. (2004) reported a discontinuity/gap at Teff ∼
23,000 K present in the massive GCs with EHB stars and
suggested that these are early Helium flashers. Two such
EHBs/subdwarfs detected in the cluster NGC 288 have tem-
peratures > 23,000 K consistent with the previous studies
(Momany et al. 2004). The SED analysis of bright gap ob-
ject suggests that this could be a subdwarf-binary candidate
with a cooler companion. This is also supported by the fact
that most of the binary systems are present within 1rh of
the cluster where the binary fraction 8% < fb < 38% is very
high as compared to the cluster outskirts (Bellazzini et al.
2002). This coincides with the positions of EHB stars within
1rh of the cluster suggesting that the binary scenario could
be the dominant formation channel for the three subdwarfs
in the cluster (Podsiadlowski et al. 2008).
6 PROPERTIES OF BSSs
6.1 Parameters of BSSs from Photometry
In order to estimate the parameters of 68 BSS members se-
lected from the N297N−V vs N279N CMD and GAIA DR2
data, we have used BaSTI isochrones of ages ranging from
1.5 Gyr to 10 Gyr with [Fe/H] = −1.28 and Y = 0.248 in
such a way that it covers the location of BSS region in the
CMD. These isochrones, over-plotted in the observed CMD
are shown in Figure 13. We have divided the BSS sample
into two groups based on the N279N magnitude shown as
black dashed line in the Figure. In our sample, the BSSs
with N279N < 19.95 are the Bright BSSs (BBSSs) whereas
those with N279N > 19.95 are the Faint BSSs (FBSSs). The
BBSSs are less in number and span a larger range in magni-
tude as compared to the FBSSs which have a broader colour
distribution.
We have derived the parameters of the BSSs by cross-
matching the N279N−V colour and N279N magnitude
with those of the model colour and magnitude of BaSTI
isochrones of different ages. The histogram of mass and age
of 54 BSSs (22 BBSSs, 32 FBSSs) are shown in Figure 14.
From the upper panel of the figure, we notice that the mass
of the BSSs range from 0.86 M to 1.25 M with a peak
at ∼ 1.03 M. The mass of the FBSSs range from 0.86 -
1.1 M with an average mass ∼ 0.97 M whereas those of
the BBSSs range from 0.98 - 1.25 M with an average mass
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Figure 12. Spectral energy distribution (SED) of the bright gap
object and EHB stars after correcting for extinction. The best fit
parameters are mentioned in the figure.
∼ 1.1 M, which are less than 2MTO (∼ 1.56 M) of the
cluster.
The ages of the BSSs range from 2.0 - 10 Gyr with a
peak at ∼ 4 Gyr as shown in the lower panel of the Fig-
ure 14 which are in agreement with Bellazzini et al. (2002).
The BBSSs are younger having an average age of ∼ 3.5 Gyr
whereas the FBSSs have a large range in age, with an average
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Table 4. SED fit parameters of bright gap object and EHB candidates
Star ID [Fe/H] Teff [K] log(g) L/L R/R χ2reduced
GO1 -1.5 25000±500 5.0±0.25 16.60±0.04 0.22±0.01 46.38
EHB1 -1.5 32000±500 5.0±0.25 21.93±0.05 0.15±0.01 14.66
EHB2 -1.5 29000±500 5.0±0.25 22.39±0.05 0.19±0.01 10.56
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Figure 13. A zoomed in view of Figure 6 where only identi-
fied BSSs are shown in the N279N−V vs N279N CMD. BaSTI
isochrones of [Fe/H] =−1.28, Y = 0.248 and different ages marked
in the legend are over plotted on the CMD. The black dashed line
divides the BSSs sample into bright and faint BSSs.
age of ∼ 4.5 Gyr. The brightest BSS is of age ∼ 2.5 Gyr and
mass ∼ 1.25 M. This BSS is located at a radius of ∼ 0.′66
from the cluster centre. There are ∼ 2 BSSs in N279N−V
vs N279N CMD shown in Figure 13 which are redder than
the other BSSs in the CMD. These BSSs could have evolved
from the MS and are currently in the Sub-giant phase and
potential candidates for the Yellow Straggler Stars (YSSs).
The masses of the SX Phe variables are ∼ 1.07 M which are
in agreement with the masses of SX Phe variables estimated
by Fiorentino et al. (2015) for different clusters.
6.2 SEDs of FUV detected BSSs
We have generated the SEDs of the BSSs detected in FUV
using VOSA which we also used for the SEDs of EHB stars
as described in Section 5. We have constructed the SEDs of
the BSSs by combining the UVIT fluxes (3 filters) with the
optical fluxes (V, I), thus, covering the spectral range from
optical to UV wavelengths. We have considered the same
cluster parameters for the SED fitting as mentioned earlier
in Section 5. The SED fit parameters (Teff , luminosity and
radius) of the BSSs along with the errors are given in Table
5 where the ages and masses are derived from the BaSTI
isochrones. The errors are small as these are arising only
from the SED fits. All the FUV detected BSSs fall under
BBSSs category except three of them which lie in the FB-
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Figure 14.Mass (upper panel) and age (lower panel) distribution
of 54 BSSs (light blue shaded), 22 BBSSs (blue hatched) and 32
FBSSs (brown circles).
SSs category. Out of 15 BSSs, we found 11 BSSs (9 BBSSs
and 2 FBSSs) with χ2reduced > 20. The deviations of the ob-
served fluxes from the model are due to FUV excess which
are significant beyond the 3σ predictions of the model. This
points to the possibility of the presence of a hot companion
such as WD associated with the BSSs. These stars will be
studied in detail in future.
For a better understanding of the present evolutionary
phases of the FUV detected BSSs, we have plotted them
in the H-R diagram as shown in Figure 15. The colour bar
shows the radii of the BSSs estimated from the SED fitting.
The BaSTI isochrones plotted are similar to the Figure 13.
Here, we notice that the age of the BSSs peaks at ∼ 4 Gyr
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Figure 15. FUV detected BSSs plotted in the log L vs log Teff
H-R diagram based on the parameters derived from SED fitting
where the colour bar represents the estimated radii. The param-
eters of the BaSTI isochrones plotted are similar to Figure 13.
which is in agreement with the photometric estimates. The
brightest BSS in the H-R diagram is of age 2.5 Gyr with a
larger radius of R ∼ 1.9 R as compared to other BSSs.
We have also constructed the SED of the Evolved BSS
candidate (Section 3.5) by combining UVIT flux (N279N)
with the HST (V, I) and GAIA (G) fluxes. The temper-
ature (Teff ∼ 5500 K) and luminosity of the object (L∼
66.59±1.5 L) derived from the SED fit are in close agree-
ment with Ferraro et al. (2016). These estimations along
with the proper motion membership from the GAIA DR2
clearly suggests that it can be very likely a EBSS candidate.
This serves as a good spectroscopic target for future study
of the evolution of BSSs.
6.3 Radial Distribution
BSSs being more massive than the HB and RGB stars, are
expected to segregate towards the cluster centre due to dy-
namical friction, on the timescale of the order of half-mass
relaxation time (tr,h), which is ∼ 2 Gyr for this cluster (Har-
ris 1996, 2010). Since tr,h timescale is much shorter than
the age of the cluster, the mass segregation should have
taken place long ago with the BSSs being more centrally
concentrated than the HB and RGB stars. In order to check
this, we have derived the radial distribution of the BSSs and
HBs. For transforming the RA and DEC coordinates of these
stars to XY system, we have used the cluster centre at RA
= 00h52m45.24s, DEC = −26◦34′57.4′′ given by Goldsbury
et al. (2010) and estimated their radial distance from it. For
constructing the radial distribution, we have sampled the
stellar populations up to a radius of 7′ from the cluster cen-
tre. The final sample used for the radial distribution consists
of 68 BSSs (28 BBSSs, 40 FBSSs) and 115 BHB stars.
The cumulative radial distribution of the BBSSs, FBSSs,
BSSs and BHB populations are shown in the Figure 16. We
have considered the BHB population as the reference pop-
ulation and performed K-S test to check the statistical sig-
nificance of the differences among the radial distribution of
the above stellar populations. According to the K-S test, the
distribution of BSS population is significantly different from
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Figure 16. Cumulative radial distribution of BBSS, FBSS and
BSS population with respect to the HB population.
the BHB population with a p-value of ∼ 3×10−4. This shows
that the BSS population is centrally concentrated than the
BHB population. The K-S test also suggests that the BB-
SSs are more centrally concentrated than the FBSSs with
p-values of ∼ 8× 10−4 and ∼ 0.12 respectively with respect
to the reference BHB population. The probability that the
BBSS and FBSS distributions are drawn from the same pop-
ulation is only 5.6%. The central concentration of BBSSs is
likely due to their relatively large mass as compared to the
FBSSs.
6.4 Specific frequency
The specific frequency of BSSs (SBSS) is defined as the ratio
between the number of BSSs (NBSS) and the number of
HB stars (NHB) which are observed in the same region. A
radial profile of this parameter helps us to understand the
distribution of BSSs with respect to BHB stars in a cluster.
We have derived the specific frequency of BSSs (SBSS) by
dividing the observed cluster region into several concentric
annuli (each of 1′) and then counting the number of BSSs
and HB stars in each annulus. The SBSS as a function of the
radial distance from the cluster centre (lower axis) and r/rc
(upper axis) is shown in Figure 17. Our estimation of the
SBSS = 1.38 ± 0.45 in a region r < 1rc is consistent with
that estimated by Bellazzini et al. (2002). Here, the error
in the SBSS is calculated by adopting the relation given by
Sabbi et al. (2004). The number of BSSs within a radius
∼ 1′ of the cluster is ∼ 22 which is close to the number (∼
24) determined by Ferraro et al. (2003) for the cluster.
We notice that most of the BSSs are concentrated in the
region r < 2rc. In addition to the central peak, we also find
a second peak SBSS at r ≈ 4.5rc with a sudden drop at r ∼
3rc. This region with a sudden drop in SBSS is defined as the
zone of avoidance (Mapelli et al. 2004) which is at rmin = 4
′
for the cluster in accordance with Lanzoni et al. (2016). This
shows that the cluster has a bimodal BSS distribution. The
second peak (r∼ 6′) in the SBSS is genuine as the BSSs in
the cluster outskirts are proper motion members according
to GAIA DR2 (Gaia Collaboration et al. 2018b).
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Table 5. SED fit parameters of FUV detected BSSs. Columns 2, 3 and 4 present the temperatures, luminosities and radii of BSSs derived
from the SED fitting whereas columns 5 and 6 present the masses and ages of BSSs derived from the BaSTI isochrones.
Star ID Teff [K] L/L R/R M/M Age [Gyr]
BSS1 8000 ± 125 13.55 ± 0.12 1.92 ± 0.06 1.25 2.51
BSS2 7750 ± 125 4.75 ± 0.02 1.21 ± 0.04 1.07 3.47
BSS3 7250 ± 125 5.42 ± 0.01 1.48 ± 0.05 1.01 5.01
BSS4 6750 ± 125 5.71 ± 0.06 1.75 ± 0.07 0.98 6.03
BSS5 7500 ± 125 4.55 ± 0.01 1.26 ± 0.04 1.02 4.47
BSS6 7250 ± 125 3.95 ± 0.01 1.26 ± 0.04 0.99 5.01
BSS7 7500 ± 125 3.53 ± 0.01 1.11 ± 0.04 1.01 3.98
BSS8 7000 ± 125 3.33 ± 0.01 1.24 ± 0.04 0.94 6.03
BSS9 8250 ± 125 6.55 ± 0.01 1.25 ± 0.04 1.17 2.51
BSS10 8000 ± 125 6.58 ± 0.01 1.34 ± 0.04 1.14 3.02
BSS11 7000 ± 125 2.32 ± 0.01 1.04 ± 0.04 0.96 3.98
BSS12 7250 ± 125 3.32 ± 0.01 1.15 ± 0.04 1.00 3.98
BSS13 7750 ± 125 4.60 ± 0.01 1.19 ± 0.04 1.09 3.02
BSS14 7500 ± 125 6.59 ± 0.01 1.52 ± 0.05 1.08 3.98
BSS15 7250 ± 125 4.60 ± 0.01 1.76 ± 0.06 1.06 4.46
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Figure 17. Specific frequency of BSSs with respect to HB stars
plotted as a function of radial distance and r/rc from the cluster
centre.
6.5 Discussion
The observed BSS distribution in the NUV-V vs V CMD
(Figure 13) closely matches with the distribution shown in
Figure 8 by Ferraro et al. (2012) for NGC 288. The BSSs
age peaks at ∼ 4 Gyr (ranging from 2-10 Gyr) with most of
them having ages older than the half-mass relaxation time
of the cluster (trh ∼ 2 Gyr Harris (1996, 2010)). This is
in agreement with the prediction of constant formation of
BSS in the last 7 Gyr by (Ferraro et al. 2003). The brighter
BSSs are found to be more massive and younger than the
fainter ones. According to the two BSS evolutionary sce-
narios proposed by (Bellazzini et al. 2002), the evolutionary
mass transfer scenario puts a lower mass limit of 0.92 M
for the BSS in the cluster which is more or less in agreement
with our findings.
From the cumulative radial distribution, we found the
BBSSs to be centrally concentrated as compared to the FB-
SSs unlike the previous studies on massive GCs such as M80,
M15 (Dieball et al. 2010; Haurberg et al. 2010) where it was
the other way around. The authors anticipated that the in-
teractions of the bright BSSs with the cluster members in
the high density environments such as central regions would
have kicked them out of the cluster. Being a low density
cluster, the dynamical interactions in NGC 288 are expected
to be less active in the BSS formation as compared to the
high density clusters (ρc ∼ 105 L/pc3 McLaughlin & van
der Marel (2005)). (Bellazzini et al. 2002) suggested that
the large population of BSSs found in this cluster may be
a result of their formation via mass transfer/coalescence of
primordial binary systems. They found a high binary frac-
tion within the 1rh of the cluster where 65 % of our BSS
sample resides in the cluster.
The two peaks found in the BSS specific frequency of the
cluster suggests that the cluster is of intermediate dynamical
age and falls in the Family II category as per the definition
given by Ferraro et al. (2012). This in turn, indicates that the
dynamical friction has affected the BSS population only in
the central regions of the cluster till the rmin ∼ 5′ resulting
in the mass segregation of the massive BSSs. The presence
of a few BSSs in the cluster outskirts beyond 5′ also conveys
that the dynamical friction has not yet affected the BSS
population in the outer regions.
7 CONCLUSIONS
Until now, the UV studies of GCs are mainly done using the
high spatial resolution images obtained from the HST. With
the successful launch and operations of the ASTROSAT, the
UVIT has started producing good quality images of GCs in
the FUV and NUV bands. The large field of view combined
with good image quality makes the UVIT studies of stellar
populations in the GCs very significant. Here, we present
the results from our study of NGC 288 imaged using the
UVIT during the first year of its operations. As the UVIT
images resolve the core of the cluster in the FUV and NUV,
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we have analysed the complete sample of BHB in FUV and
BSS in NUV thus, covering the full cluster region (∼ 10′)
in UV and highlighting the importance of UV observations.
This study also highlights the usefulness of combining UVIT
data with HST, ground and GAIA data. Our UVIT imaging
study of NGC 288 has led us to the following conclusions:
(i) The UV bright stars in this cluster consist of 115
BHBs, 2 RRLs, 68 BSSs (6 SX Phes), 2 EHBs and 1 bright
object gap object which are possible cluster members
according to the proper motions from GAIA DR2.
(ii) The comparison of FUV and NUV CMDs of the
cluster with BaSTI isochrones shows that the isochrones
are unable to reproduce the observed HB distribution in
the UV CMDs for stars with Teff > 11,500 K which are
known to suffer from the diffusion effects such as radiative
levitation. We detect a luminosity plateau in the FUV
at this temperature, suggesting the FUV CMDs to be a
good proxy to detect the onset of diffusion in the BHB
distribution.
(iii) The BHB temperature distribution derived from two
approaches, UVIT colour - Teff relation and SED fitting
using Kurucz models are consistent with the spectroscopic
observations. The Teff distribution consists of two groups
with the peaks located at ∼ 10,300 K and 14,000 K which
terminates at ∼ 18,000 K. The BHB stars in the hotter
peak are affected by atomic diffusion. The dip between the
peaks could be caused by the presence of four gaps located
mainly around the G-jump.
(iv) The temperatures and radii of the two EHB candi-
dates and bright gap object derived from the SED fitting
lie in the range 25,000 - 32,000 K and 0.15 - 0.2 R
respectively. The presence of these EHB candidates in
this low density and binary rich GC could suggest binary
pathways for their formation.
(v) The BSS parameters derived from the photometry
and SEDs show a peak in age at ∼ 4 Gyr and in mass at ∼
1 M.
(vi) The cumulative radial distribution clearly shows that
the BBSSs are more centrally concentrated than the FBSSs
and BHBs. The specific frequency of BSS shows a bimodal
distribution suggesting that the cluster is of intermediate
dynamical age.
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